Introduction
The cyanobacteria assimilate inorganic carbon (Ci) primarily by the C3 photosynthetic pathway and employ ribulose bisphosphate carboxylase/oxygenase (Rubisco) as the principal C02-fixing enzyme. However, they can also fix large amounts of carbon in the light as C4 acids (Coleman & Colman, 1980) . These C4 acids, primarily aspartate and malate, may represent as much as 20% of the total carbon assimilated at the onset of illumination and have been shown to be the product of phosphoenolpyruvate carboxylase (PEPCase; EC 4.1 . 1 .31) activity (Coleman & Colman, 1981 ; Owttrim & Colman, 1986) . This enzyme catalyses the irreversible carboxylation of PEP, utilizing HCO, to form oxaloacetate and Pi. Rapid amination or reduction of the newly synthesized oxaloacetate results in the production of aspartate or malate, respectively (Maruyama et af., 1966) . The role of PEPCase in cyanobacterial carbon metabolism is still poorly understood. Early studies suggested that the cyanobacteria utilize primarily a C, mechanism for Ci Abbreviations: CAM, crassulacean acid metabolism ; PAR, photosynthetically active radiation; PEP, phosphoenolpyruvate; PEPCase, phosphoenolpyruvate carboxylase.
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fixation (Dohler, 1974; Colman et af., 1976; Lem et af., 1986) . High levels of PEPCase activity and typical C4 characteristics of cyanobacterial photosynthesis, such as low C 0 2 compensation points, little oxygen inhibition of photosynthetic carbon fixation and low rates of photorespiration, stimulated this speculation. It is now known that high-affinity Ci transport systems capable of generating large intracellular C, pools in the cyanobacteria are responsible for these 'C,-like' characteristics of photosynthesis (Coleman, 1991) . PEPCase activity is thought to play an anapleurotic role by generating carbon skeletons for biosynthesis (Owttrim & Colman, 1988) . Cyanobacteria as a group are characterized by possessing an incomplete tricarboxylic acid (TCA) cycle lacking both a-ketoglutarate dehydrogenase and NADH oxidase (Smith et al., 1967) . As a result of these deficiencies, metabolic energy cannot be derived from this pathway and the cycle is incapable of regeneration. The C, acids synthesized by PEPCase activity could be used to replenish the TCA cycle intermediates, which are in turn utilized for biosynthetic reactions. The synthesis of C, acids may be required for the production of cyanophycin, a nitrogen storage compound accumulated by cyanobacteria (Weathers & Allen, 1978) .
Results and Discussion
Isolation of the Anabaena ppc gene
The isolation of the Anabaenappc gene was accomplished by screening a A 1149 HindIII library of Anabaena sp. PCC 7120 genomic DNA. The probe used for this screening was a 4.4 kb DNA fragment containing theppc coding sequence previously isolated from the unicellular cyanobacterium Synechococcus PCC 7942 (Luinenburg & Coleman, 1990) . Genomic Anabaena sp. PCC 7120 DNA digested with HindIII and hybridized in Southern blots with the 4-4 kb Synechococcus DNA fragment at 65 "C resulted in a single hybridizing band of 8-2 kb (Fig.  1, lane B ). An 8.2 kb fragment which corresponded to this band was isolated from the Anabaena genomic library (Fig. 1, lane D) , ligated into the plasmid pBS+ and used to transform the PEPCase-deficient E. coli strain 3594. Transformants were selected for their ability to grow on minimal medium, indicating that the 8.2 kb Anabaena DNA fragment was able to complement the Ppc-phenotype of this mutant. PEPCase assays of these transformants showed that the enzyme was active when the 8.2 kb fragment was inserted into pBS+ in either orientation, demonstrating that promoter elements located on this fragment are able to function within E. coli.
Sequence analysis
Restriction endonuclease mapping and PEPCase activity measurements were used to locate the ppc coding region on the 8.2 kb fragment, and a 4.3 kb segment spanning the coding region was sequenced in both directions using two independently isolated clones. A portion of these data, showing the entire coding region and some 5' and 3' sequence, is presented in Fig. 2 . The deduced amino acid sequence is also shown. The ORF encodes a polypeptide of 112653 Da, which is consistent with the reported monomeric molecular mass of 100500Da as determined by SDS-PAGE (Lem et al., 1986) . In comparison, the deduced amino acid sequence of ppc from Synechococcus sp. generates a monomer molecular mass of 121 082 Da . Previous studies of the PEPCase holoenzyme, isolated from a number of sources, have shown that the active form of the enzyme is a tetramer composed of four identical subunits (O'Leary, 1982) . The mass of the Anabaena holoenzyme would therefore be approximately 450000Da, which is somewhat larger than that previously determined by gel filtration chromatography (Lem et al., 1986) but still indicative of the active form of the enzyme existing as a tetramer.
In the absence of N-terminal sequence of the purified Anabaena protein, we have identified one of two methionine residues within the same ORF as the putative initiation codon for translation. The two methionine residues are located at nucleotide -19 and at nucleotide 113 (Fig. 2) . Primer extension data support the hypothesis that the second ATG is the correct start site for translation in Anabaena. As shown in Fig. 3 , the primary transcription start site is 3' of the first in-frame ATG and indicates that transcription begins at nucleotide 1. Putative -10 and -35 regions are also indicated in Fig. 2 . These regions were determined on the basis of Cyanobacterial PEP carboxylase sequence 687
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Lou I l e C y m G l n V a l Glu 110 Ph. Amp P h e A m Lou T h r Lym L.u Amp 11. A r q G l n their similarity to characterized promoter sequences determined for Anabaena sp. PCC 7 120 (Schneider et al., 1991) and E. coli consensus sequences as well as their proximity to the transcript start site. The putative -35 sequence is much more similar to the bacterial consensus sequence than is the -10 region, but in general the ppc gene, on the basis of E. coli sequence similarity, would be categorized as having a weak promoter (Schneider et al., 1991) . A large region of dyad symmetry 3' of the translation termination codon (nucleotide 3060) would appear to be a site of transcription termination (Fig. 2) . Calculations using the primer extension and sequence analysis data suggest that the length of the transcript would be approximately 3.2 kb. This compares favourably with a maximum transcript size of approximately 3-4 kb as determined by Northern analysis in Synechococcus sp. PCC 7942 (data not shown).
Expression studies
Expression of Anabaena sp. PCC 7 120 ppc in E. coli host cells assumes either that the E. coli transcriptional and Fig. 3 . Identification of the ppc transcription start site in Anubaena sp. PCC 7120. A 17-mer primer complementary to a sequence 5' of the coding region was used in primer extension assays with total Anubaena RNA isolated from exponentially growing cells. Products were electrophoresed concurrently with a sequence ladder generated using the same primer with double-stranded plasmid DNA containing the intact ppc gene. The primer used was 5' CCG CAG TAC CGA CTC CC 3'. The arrow indicates the major primer extension product and the DNA sequence in the vicinity is identified.
translational machinery is capable of utilizing cyanobacterial promoter elements or that fortuitous E. coli signals occur within the sequence. Examples of cyanobacterial gene expression in E. coli have been cited (Borthakur & Haselkorn, 1989; Kodaki et al., 1985; Tandeau de Marsac & Houmard, 1987; Tumer et al., 1983) , and common promoter sequence elements are capable of being used in both systems (Schneider et al., 1991) . To study the expression of Anabaena sp. PCC 7120 ppc in E. coli the 8.2 kb DNA fragment containing the cyanobacterial gene was cloned into pDPLl3, a vector with no additional promoters aside from that found controlling the ampicillin gene (Gendel et al., 1983) . Confounding promoter effects are, therefore, not expected. Exonuclease digestion of the 8.2 kb HindIII fragment was then used to deduce the flanking 5' and 3' DNA sequences of the gene required for expression of enzyme activity within the bacterial host cell. The constructs generated by exonuclease activity are shown in Fig. 4 . E. coli cells containing the various constructs were grown from stationary overnight cultures diluted 1 : 150 with fresh prewarmed LB medium supplemented with ampicillin at 50 pg ml-l. The flask to medium volume ratio used was 250 : 15 and cultures were incubated at 37 "C and 200 r.p.m. The cells were harvested at specific time intervals over a 24 h period and at each time point the various cell lines had achieved similar ODboo values. PEPCase activity, as measured per cell and per mg soluble protein, increased throughout the exponential growth phase of the bacterial culture and then declined slowly during stationary phase (data not shown). As shown in Table 1 (see Fig. 4 The uniform size of the cyanobacterial ppc transcript when expressed in E. coli indicates that the same transcription start site is being used by each construct (data not shown). The much reduced activity generated by construct (c) would appear to be the result of deletion of the -35 region as well as an enhancer element. The elimination of PEPCase activity in construct (e) would appear to be the result of inability to synthesize a stable mRNA or protein. This deletion removed 12 amino acids at the carboxy-terminus of the protein as well as the termination codon. The sequence containing the putative transcription termination structure (region of dyad symmetry) has also been removed. SDS-PAGE analysis of total soluble proteins synthesized by E. coli containing this construct showed that the cyanobacterial PEPCase was not present (data not shown).
Sequence comparison of ppc genes and PEPCase from difleren t organisms
A comparison of the deduced ppc amino acid sequences determined for Anabaena sp. PCC 7120 and Synechococcus sp. PCC 6301 is shown in Fig. 5 . The position of the start codon for the Synechococcus gene is different from that determined for Anabaena, and was assigned by Katagiri et al. (1985) on the basis that it initiated the longest ORF as determined by their sequence data. The position of the initiation codon for the Anabaena ppc gene was determined on the basis of primer extension and sequence data as well as SDS-PAGE determination of the monomer molecular mass. There is, however, some amino acid sequence similarity between the two genes 5' of the proposed Anabaena translation start site (Fig. 5 , lower-case letters) although it would seem that this region is not translated in Anabaena. Amino-terminal sequence analysis will be needed to determine the correct translation start site. It is possible that a mutation in the ppc sequence following divergence of the two genera has resulted in the introduction of the new initiation codon in Anabaena.
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The alignmentof the deduced amino acid sequences of the two cyanobacteria proteins reveals considerable homology, with approximately 65 % identity over the coding region. In contrast, the DNA comparison between these genes suggests that there has been considerable divergence of the two sequences, with a significant reduction in identity over the coding region. Fig. 5 Fig. 5 , much of the amino acid sequence identity found in the various PEPCase proteins appears as discrete blocks suggestive of functional domains. For example, the sequence s78FHGRGGSI-GRGGAPSg1 (E. colicoordinates, Fujita et al., 1984) has been proposed as a PEP-binding region as it is a unique, flexible and basic charged motif within the PEPCase sequence. As has been found in all other PEPCase proteins, it is highly conserved in the Anabaena sequence (660FHGRGGSvGRGGgP673, Fig. 5 ). Most recently, site-specific mutagenesis of the E. cofi enzyme has shown that although not obligatory for catalysis, H579 has a role in both catalytic and regulatory functions of the bacterial protein (Terada et al., 1991) . The Anabaena PEPCase also contains a highly conserved sequence ti 7QEVML-GYSDSNKDSG63 (Fig. 5) which contains a number of invariant residues including K628. Inactivation of this lysine, by the addition of pyridoxal 5'-phosphate and reduction by sodium borohydride, was correlated with the loss of activity of the maize enzyme and it has been suggested that this lysyl residue is a component of the active site (Jiao et al., 1990) . Conservation of sequence, however, may not always indicate the existence of a functional domain involved in the binding of substrates or allosteric effectors. In the E. cofi PEPCase, the substitution of threonine' 88 to isoleucine results in the elimination of fructose-1,6-bisphosphate activation of PEPCase activity (Sutton et al., 1986) . It is interesting to note that this residue (T232) as well as some flanking sequence is also present in both the Anabaena and the Synechococcus sp. sequence ; however, it has been shown that cyanobacterial PEPCase is not activated by fructose bisphosphate (Owttrim & Colman, 1986) . These data would imply that the threonine residue itself is not necessarily involved in activator binding but that the replacement of the threonine residue by isoleucine has resulted in a conformational change in a regulatory site of the E. coli enzyme. In the future, the identification and characterization of regulatory sites will be assisted by the recent success in crystallization of PEPCase (Inoue et al., 1989) . A comparison of the X-ray crystallographic structure of the essentially non-allosteric cyanobacterial enzyme with the highly regulated bacterial or higher-plant enzymes would certainly be very useful.
